'Regulator of G-protein Signaling' (RGS) proteins play a critical role in numerous G-protein-dependent signaling pathways. RGS proteins "turn off" heterotrimeric (αβγ) G-proteins and thereby determine the duration of G-protein-mediated signaling events ^[@R1]--[@R5]^. Like many signaling proteins, RGS proteins comprise a large and diverse family. In humans, there are about 20 "canonical" RGS proteins that down-regulate activated G-proteins of the G~i~ and G~q~ subfamilies ^[@R6],[@R7]^. In these RGS proteins, the RGS homology domain of \~120 amino acids functions as a GTPase activating protein (GAP) for GTP-bound Gα subunits ^[@R3]--[@R5]^. In recent years, RGS proteins have been implicated in a wide range of pathologies, including cancer, hypertension, arrhythmias, drug abuse, and schizophrenia ^[@R7]--[@R10]^, making RGS proteins promising drug targets ^[@R7],[@R8]^. Therefore, identifying the determinants of G-protein recognition by RGS proteins is essential for understanding these signaling pathways and eventually for manipulating them with drugs.

While multiple RGS proteins are often expressed in the same cell, several studies have shown that only particular RGS proteins mediate a given biological function ^[@R11]--[@R17]^. This raises a significant interest in understanding the interaction specificity of RGS proteins. In many cases this specificity may originate from precise subcellular targeting, contributions from additional non-catalytic domains, adapter proteins, or participation in scaffolded protein complexes ^[@R7],[@R9],[@R13],[@R15],[@R18],[@R19]^. However, there are clear cases where the ability to recognize a given G-protein is defined by the RGS domain itself ^[@R7],[@R9],[@R13],[@R15]^. Nevertheless, the only two well-studied examples of RGS domain specificity are RGS9, whose specific recognition of Gα~t~ requires the adapter protein PDEγ ^[@R18],[@R20]^, and RGS2, which was shown to specifically down-regulate G-proteins of the G~q~, but not G~i~, subfamilies ^[@R21],[@R22]^ cf. ^[@R23]^. The key determinants of RGS2 specificity were identified ^[@R22]^ by analyzing the multiple sequence alignment of RGS proteins in the context of the RGS4--Gα~i1~ crystal structure ^[@R24]^. This alignment revealed three crucial positions that are highly conserved in the RGS family, but are different in RGS2. Changing these three RGS2 residues to their counterparts in RGS4 yielded a gain-of-function phenotype that enabled RGS2 to efficiently down-regulate Gα~i~ ^[@R22],[@R25]^. Many additional studies showed that the GAP activity of individual RGS proteins toward a given Gα may vary (reviewed in refs. [@R6]--[@R8],[@R13]), but the molecular determinants for this selectivity have not been identified.

Critical insights into understanding the GAP activity of RGS proteins have been obtained using X-ray crystallography. To date, eight different structures of Gα subunits in complex with canonical RGS domains have been solved ^[@R24]--[@R28]^. These studies, combined with biochemical examinations, established that RGS domains bind Gα subunits and stabilize their catalytic residues allosterically in a conformation optimal for GTP hydrolysis ^[@R6],[@R24],[@R29]--[@R31]^. RGS protein residues in the vicinity of the Gα--RGS-domain interface show substantial diversity, suggesting that they may set interaction specificity. However, low sequence identity among RGS domains (as low as 30%; [Supplementary Table 1](#SD1){ref-type="supplementary-material"}) makes it difficult to pinpoint RGS domain residues that determine selective interaction with a specific Gα subunit ^[@R27],[@R32]^.

In this study, we integrated functional assays with structure-based computations to determine the structural features within a large array of human RGS proteins that control their ability to inactivate a representative G-protein, Gα~o~ (also known as GNAO1). We combined the experimental benchmark of the ability of ten RGS domains to activate Gα~o~ GTPase with comparative structural analysis, electrostatic calculations of interaction energies using the Finite-Difference Poisson-Boltzmann method (FDPB), and *in silico* mutagenesis. Using a consensus approach across the eight available RGS-domain--G-protein crystal structures, we developed a structure-to-sequence map predicting which residues within the RGS domains are essential for their GAP function and which residues can modulate specific interactions with the cognate Gα subunit. We validated these predictions by site-specific mutagenesis of critical residues revealed in this map that allowed us to impair the GAP function in high-activity RGS proteins and completely restore this function in low-activity RGS proteins. Finally, we explored the general utility of this approach by applying it to the interaction between the *Escherichia coli* colicin E7 and its inhibitory immunity proteins, a well-established system for studying protein-protein interaction specificity. Our computational analysis successfully pinpointed not only specificity determinants revealed in previous computational studies of these proteins, but also those previously identified only by *in vitro* evolution. Therefore, our approach enables extending the analysis of interaction specificity to the level of whole families and complements existing protein design methodologies.

RESULTS {#S1}
=======

RGS proteins differ in their ability to activate Gα~o~ GTPase {#S2}
-------------------------------------------------------------

We measured the GAP activity of ten individual human RGS domains using single turnover GTPase assays with the G-protein Gα~o~ ([Fig. 1a](#F1){ref-type="fig"}). Six of these domains (RGS1, RGS4, RGS7, RGS8, RGS10, and RGS16) exhibited the same level of high GAP activity, RGS2 had no measurable activity (as expected from refs. [@R21],[@R22],[@R25]), whereas three RGS domains (RGS14, RGS17, and RGS18) had low but discernable activities. Interestingly, this quantitative comparison showed little correlation between the GAP activities of individual RGS domains and the degree of their sequence identity. Indeed, the sequence identity among the six highly active RGS domains typically ranged between 37% and 60%, with only one pair sharing 73% identity ([Supplementary Table 1](#SD1){ref-type="supplementary-material"}). This is the same range as the identity among the sequences of no-activity (RGS2) and low-activity (RGS14, RGS17, and RGS18) RGS domains (37--56%), or between the sequences of the no or low-activity and high-activity groups of RGS domains (36--60%). Therefore, sequence identity among RGS domains does not serve as a reliable predictor for RGS protein GAP activity on Gα~o~.

Consequently, the GAP activity of these ten RGS domains did not correlate with their sequence-alignment-based classification into sub-families ([Fig. 1b](#F1){ref-type="fig"}; note that the same subfamily classification was reached based on the identity of additional non-catalytic domains in the corresponding full-length RGS proteins ^[@R6],[@R7],[@R33]^). Large differences in GAP activity were observed within the same subfamily (e.g. RGS4 vs. RGS18 vs. RGS2), while similar activities were observed in RGS domains representing different subfamilies (e.g. RGS4, RGS7, RGS10). This analysis demonstrates that RGS protein GAP function is determined at a finer resolution (i.e. individual amino acids) than provided by current RGS protein classifications.

Residue-level energy analysis of RGS--G-protein interactions {#S3}
------------------------------------------------------------

To map the contributions of individual RGS domain residues to their GAP activity, we characterized the eight available crystal structures of canonical RGS domains bound to Gα subunits, using a comparative structural and energetic analysis ([Fig. 2a,b](#F2){ref-type="fig"}). The number of RGS protein residues in the vicinity of the RGS-domain--Gα interface is large (e.g. the eight crystal structures contain 62--67 RGS domain residues within 10 Å of the Gα subunit) and the sequence diversity among these residues is considerable ^[@R27]^. Therefore, we followed Sheinerman et al. ^[@R34]^ and used the FDPB method coupled with *in silico* mutagenesis to calculate which RGS protein residues make substantial electrostatic contributions (ΔΔG~elec~) to the interaction with the cognate Gα partner. In these calculations we considered all residues within 15 Å of the RGS-domain--Gα interface (89--93 residues per RGS domain). We separated the electrostatic contributions of each residue into those coming from the side chain and/or those originating from the main chain ([Supplementary Fig. 1](#SD1){ref-type="supplementary-material"}; see Methods for details). We also estimated the non-polar energetic contributions of each residue by converting surface area buried in the complex to the equivalent energy contribution ^[@R34]^. Because these energetic contributions were calculated in a static snapshot of a complex, we did not expect the obtained per-residue ΔΔG values to exactly match experimentally determined ΔΔG values (see refs. [@R34],[@R35] for a detailed discussion). Rather, we aimed to generate a list of residues likely to be important for interactions with a Gα partner. Therefore, we constructed a residue-level sequence "map" that listed all RGS protein residues predicted to contribute substantially (at least 1 kcal mol^−1^) to the interaction (see Methods). We classified these residues into two major groups: 1) "Significant & Conserved" residues that make the same type of substantial energy contribution in the majority of structures (marked with red asterisks in [Fig. 2a](#F2){ref-type="fig"}). Note that if the energy contribution comes only from the residue backbone, amino acids in Significant & Conserved positions may not be conserved at the sequence level (e.g. position 131). 2) Putative "Modulatory" residues, which make substantial energy contributions only in some of the structures and are not conserved across the structures (marked with purple triangles in [Fig. 2a](#F2){ref-type="fig"}). We identified 12 RGS domain residues as Significant & Conserved and between 6 and 8 residues in each structure as Modulatory.

Interestingly, Significant & Conserved residues are located mainly in the center of the RGS-domain--Gα interface, while putative Modulatory residues are located mostly at this interface's periphery ([Fig. 2c,d](#F2){ref-type="fig"}). This arrangement raises the possibility that Significant & Conserved residues are essential for RGS protein GAP activity, while different combinations of Modulatory residues may further tune RGS-domain--Gα interactions, ultimately defining whether a given RGS protein is a good or a poor GAP -- the hypothesis tested in this study.

Comparison of predictions with previous mutagenesis studies {#S4}
-----------------------------------------------------------

To evaluate whether a substantial energetic contribution of an RGS protein residue ([Fig. 2a](#F2){ref-type="fig"}) serves as a reliable predictor of significance for RGS protein GAP function, we first employed published mutagenesis studies. Ref. [@R36] describes comprehensive mutagenesis of 39 RGS4 residues, analyzed using GTPase assays and/or the inhibition of G-protein signaling in yeast. 23 of these mutants did not affect RGS4 function. Consistent with those experiments, our calculations showed no substantial energetic contribution for 22 of those residues. The only discrepancy was Lys162, predicted to make a conserved non-polar energetic contribution in all RGS-domain structures ([Fig. 2a](#F2){ref-type="fig"}), while the K162A mutation was not found to impair RGS4 activity in ref. [@R36], though it was tested only in the less-direct yeast assay.

Among the sixteen positions substantially impairing RGS4 activity ^[@R36]^, seven were not located near the RGS-domain--Gα interface and instead are a part of the RGS domain's hydrophobic core, conserved across all available crystal structures ([Supplementary Fig. 2](#SD1){ref-type="supplementary-material"}). Presumably, mutating these large hydrophobic residues to alanines impaired RGS4 GAP activity indirectly through improper folding of these mutants. All of the other activity-impairing mutations (three of which were also revealed in refs. [@R24],[@R29],[@R37],[@R38]) corresponded to positions identified as Significant & Conserved in our calculations -- thereby substantiating the predictions of our computational analysis. The remaining three Significant & Conserved residues in RGS4 (Ala124, Val127 and Ser131) were not mutated in previous studies. However, the energetic contributions of these residues originate from their backbones rather than their side chains and thus are not amenable to straightforward validation by the mutagenesis of side-chains. Therefore, previous mutagenesis studies are in full agreement with the predictions of our computationally-derived residue-level map.

Design of loss-of-function RGS4 and RGS16 mutants {#S5}
-------------------------------------------------

Next, we tested whether the putative Modulatory residues listed in our map ([Fig. 2a](#F2){ref-type="fig"}) indeed play a role in RGS protein GAP activity. Almost none of these residues were mutated in past studies, probably because the lack of conservation at these positions suggested a lack of functional role. For these mutagenesis experiments, we picked representative Modulatory positions in human RGS4 and RGS16 ([Fig. 3a,b](#F3){ref-type="fig"}). Single alanine substitutions of such residues in RGS4 had either a minor or a moderate effect on GAP activity ([Fig. 3c](#F3){ref-type="fig"}). However, the loss-of-function effect was additive -- the GAP activity of a triple mutant (RGS4d) was abolished. Therefore, mutations in a sufficient number of Modulatory residues causes complete loss-of-function, just as the effect of a mutation in the Significant & Conserved residue Asn128 (RGS4e in [Fig. 3c](#F3){ref-type="fig"}), previously shown to be critical for the functions of RGS4 ^[@R24],[@R29]^ and RGS16 ^[@R37],[@R38]^.

Similarly, mutating individual Modulatory residues in RGS16 had either no effect or a moderate effect on its GAP activity ([Fig. 3d](#F3){ref-type="fig"}). But, like in RGS4, the effect of double or triple mutants was additive and impaired the ability of RGS16 to activate Gα~o~ GTPase to a much higher degree than single mutations. These results affirm the importance of Modulatory residues' contributions in attaining the maximal GAP activity of RGS proteins and thereby validate our approach for pinpointing critical residues using the structure-to-sequence map.

Design of gain-of-function RGS17 and RGS18 mutants {#S6}
--------------------------------------------------

The ultimate test for the utility of our energy contribution map was to take low GAP-activity RGS proteins and redesign them into mutants having high GAP activity ([Figs. 4](#F4){ref-type="fig"} and [5](#F5){ref-type="fig"}). We selected two low-activity RGS proteins representing different subfamilies, RGS17 and RGS18. The high-activity template for redesign was RGS16, as it is best represented in available RGS-domain--Gα crystal structures ^[@R27],[@R28]^. The RGS domain of RGS16 is different from RGS17 and RGS18 in 70 and 56 positions, respectively. To identify which of these residues in RGS17 and RGS18 are responsible for their impaired GAP activity, we focused on the positions defined as either Significant & Conserved or Modulatory, cutting the number of candidate residues down to thirteen in RGS17 and eight in RGS18. To further reduce the number of positions to mutate, we dismissed residues found at the corresponding positions in any of the high-activity RGS proteins (marked in bold black in [Figs. 4a](#F4){ref-type="fig"} and [5a](#F5){ref-type="fig"}). For example, Arg154 in RGS17 corresponds to a glutamic acid in RGS16; yet in the high-activity RGS1 this position is also an arginine, suggesting that Arg154 in RGS17 is not tied to its low GAP activity.

We first applied these residue selection criteria to RGS17 and identified four sites that may be responsible for its low GAP activity: positions 143--145, 150, 183--184, and 192 ([Fig. 4a,b](#F4){ref-type="fig"}). Two of these sites are predicted to impair activity because they lack side-chains directly interacting with Gα~o~ in high-activity RGS proteins. Ser150 is found at the RGS17 position occupied by a Significant & Conserved asparagine in all high-activity RGS proteins ([Fig. 2](#F2){ref-type="fig"}). Indeed, the corresponding N128S mutation in RGS4 abolished its GAP function ([Fig. 3c](#F3){ref-type="fig"} and ref. [@R29]). Similarly, Asn192 in RGS17 corresponds to a lysine in all high-activity RGS proteins. The two remaining RGS17 sites (143--145, 183--184), containing mostly Modulatory residues, are likely to impact its GAP activity indirectly by displacing neighboring residues that do interact with Gα~o~ directly. Note that Ser145, despite occupying the position of a Significant & Conserved alanine in high activity RGS proteins, presumably affects the GAP activity of RGS17 indirectly: while the backbone of the corresponding RGS16 alanine interacts favorably with the Gα subunit, the aliphatic side chain points into the RGS domain core. Thus, a serine in this position would likely necessitate a local repacking of the RGS protein, thereby affecting interactions with the Gα subunit indirectly.

We measured the GAP activity of representative RGS17 mutants bearing different combinations of amino acid replacements at these four sites ([Fig. 4c](#F4){ref-type="fig"}). Interestingly, the RGS17-to-RGS16 replacements of both "direct" contributors (S150N or N192K), separately or together, did not increase RGS17 GAP activity at all ([Fig. 4c](#F4){ref-type="fig"}). Even combining the S150N+N192K double mutation with the replacement of the entire 143--145 site containing Ser145 caused only a minor activity increase. However, simultaneous substitution of all four RGS17 sites resulted in the same GAP activity as in RGS16. Therefore, optimizing Modulatory positions in this protein was critical for achieving a complete gain-of-function.

A similar redesign was applied to RGS18, also using the RGS16 template. Unlike RGS17, all Significant & Conserved positions in RGS18 are not different from high-activity RGS proteins. Yet, RGS18 has four Modulatory positions in three distinct sites that could potentially impair its GAP activity: 141, 156+158 and 186 ([Fig. 5a,b](#F5){ref-type="fig"}). In contrast to the minimal effect of partial mutagenesis in RGS17, two out of three single site mutants in RGS18 (H156E+K158R and Q186K) markedly increased its GAP activity ([Fig. 5c](#F5){ref-type="fig"}). Combining H156E+K158R with K141E caused a slight additional improvement and mutating all three sites simultaneously yielded full gain-of-function.

To test whether the increased GAP activity of the redesigned gain-of-function mutants was a result of increased affinity to the Gα subunit, we assessed the binding of the series of redesigned RGS18 mutants ([Fig. 5a,c](#F5){ref-type="fig"}) to Gα~o~ using Surface Plasmon Resonance spectroscopy (SPR) ([Table 1](#T1){ref-type="table"} and [Supplementary Fig. 3](#SD1){ref-type="supplementary-material"}). In correlation with their low GAP activity, the K~D~ values of RGS18 and its K141E mutant for Gα~o~ were each in excess of 3 μM. However, the redesigned mutants that showed higher GAP activity had lower K~D~ values, with the highest-activity mutant (RGS18e) exhibiting the lowest K~D~ of 69 nM. These measurements show a strong correlation between the GAP activity and Gα~o~ binding affinity for each RGS18 mutant. Taken together, our data demonstrate that optimizing Modulatory residues is sufficient for the restoration of maximal GAP activity of RGS18.

Comparison to alternative computational approaches {#S7}
--------------------------------------------------

We compared our computational approach to other methods that predict residues contributing substantially to protein-protein interactions. We applied Rosetta's computational alanine scanning ^[@R39]^ to the RGS-domain--Gα structures analyzed above. This method identified potential hot spots in each RGS protein corresponding to between five and eight of our Significant & Conserved residues and between zero and two Modulatory residues ([Supplementary Table 2](#SD1){ref-type="supplementary-material"}). As expected from an alanine-scanning protocol, Rosetta did not identify residues making substantial energy contributions via their backbones, but it also did not identify most Modulatory residues. This suggests that the majority of Modulatory positions in RGS domains do not make sufficient energy contributions to be identified as hot spots by computational alanine scanning. Indeed, we typically had to mutate multiple Modulatory residues to observe large changes in RGS activity ([Fig. 3](#F3){ref-type="fig"}). Another reason why our approach identified a larger number of critical RGS residues may be that long-range electrostatics, which are not explicitly taken into account by Rosetta, play a particularly important role at the RGS-domain--Gα interface. Therefore, the physics-based energy calculations used in this study seem better suited to identify residues in RGS proteins that are engaged in modulatory interactions.

We next used Consurf ^[@R40]^ to test whether a sequence-based approach, which searches for phylogenetic relations between close homologs, can identify RGS residues that contribute to interactions with Gα subunits. Consurf calculated that the majority of Significant & Conserved residues had a conservation score above average, as expected from residues that share a similar functional role among all high activity RGS proteins. Seven additional residues at or near the RGS-domain--Gα interface were also identified as evolutionary conserved, although mutations in most of these residues had no effect on GAP function ^[@R36]^. The vast majority of RGS Modulatory residues had average or below average conservation scores and therefore were not pinpointed by this analysis.

A more complete result was obtained by the Evolutionary Trace method ^[@R32]^. This study identified an evolutionary privileged surface containing 17 RGS domain residues, 10 of which form a cluster of well-conserved contact residues judged not to have a role in determining specificity (we classified eight of them as Significant & Conserved). Five out of the seven remaining residues were defined as a second cluster of "class specific" residues (we classified four of them as Modulatory). In the case of RGS9, this cluster was suggested to form a binding site for the RGS9 adapter protein, PDEγ, a concept experimentally confirmed in a subsequent study ^[@R18]^. However, this study did not address the role of these evolutionary privileged residues in setting RGS--G-protein specificity. Rather it highlighted that certain class specific residues can participate in specific interactions with proteins other than Gα subunits (e.g. RGS9 interaction with PDEγ). This sequence-level superposition of overlapping interaction surfaces may provide an additional challenge for sequence-based methods (e.g. Consurf and Evolutionary Trace), but not structure-based methods, like the approach used in our study.

Computational analysis of colicin E7--Im protein interactions {#S8}
-------------------------------------------------------------

To explore the general applicability of our approach, we considered the interaction between the DNase colicin E7 (E7) and the inhibitory immunity protein Im7, a system used extensively to study specificity determinants in protein-protein interactions ^[@R41],[@R42]^, interface specificity redesign ^[@R43]--[@R45]^ and *in vitro* evolution studies ^[@R46]^. To map the contributions of individual residues to the interaction, we applied our consensus-based comparative structural and energetic analysis to the five available crystal structures of E7--Im7 complexes ([Fig. 6](#F6){ref-type="fig"} and [Supplementary Fig. 4](#SD1){ref-type="supplementary-material"}), which contained no E7 mutations near the Im7 interface and therefore were considered wild type proteins in regards to Im7 binding (see Methods). We also applied our comparative analysis to the two structures of computationally redesigned E7--Im7 ^[@R43],[@R44]^ and to the two structures of E7 bound to non-cognate Im9 proteins selected through *in vitro* evolutionary for high E7 affinity ^[@R46]^.

Using the same criteria as for RGS proteins, we identified eight E7 positions and five Im positions as Significant & Conserved and seven E7 positions and twelve Im positions as Modulatory ([Fig. 6a](#F6){ref-type="fig"} and [Supplementary Fig. 4](#SD1){ref-type="supplementary-material"}). The majority of these positions were previously shown to contribute to colicin--immunity protein binding and specificity ^[@R41],[@R47]^. Interestingly, both the computationally redesigned and the *in vitro* evolved protein pairs seem to utilize essentially the same complement of energetically important residues as the wild type proteins. A minority of the residues in the computationally redesigned E7--Im7 uses a different energy type of interaction ([Fig. 6a](#F6){ref-type="fig"} and [Supplementary Fig. 4](#SD1){ref-type="supplementary-material"}, [Fig. 6c vs. Fig. 6d](#F6){ref-type="fig"}); e.g. the E7 K528Q mutation results in a loss of electrostatic side-chain contribution ([Supplementary Fig. 4](#SD1){ref-type="supplementary-material"}). In contrast, the *in vitro* evolved Im9 proteins show a drastically different map of energy contributions ([Fig. 6a,e](#F6){ref-type="fig"}).

Importantly, our analysis identified residues in the Im7 α1--α2 loop as substantial contributors to the interactions with E7. This loop, located at the periphery of the E7--Im7 interface ([Fig. 6b](#F6){ref-type="fig"}), was not identified in previous computational analyses and only recently was implicated as playing a role in binding specificity by the *in vitro* evolution study ^[@R46]^. We observe substantial contributions from these residues in all structures with a consistent theme of main-chain electrostatic contributions. However, the overall pattern of energy contributions from residues in this loop is quite different in the *in vitro* evolved Im9 proteins, suggesting *in vitro* evolution revealed an alternative mode of interaction using this Im substructure.

Discussion {#S9}
==========

Our study presents a novel approach to pinpoint structural determinants that are critical for fine-tuning protein-protein interaction specificity. Following recent successes in redesigning interaction affinity and/or specificity by combining computational analysis with experimental validation (e.g. ref. [@R48]--[@R50]), we integrated the experimental benchmark of enzymatic assays with physics-based energy calculations using a consensus approach across multiple crystal structures. Our central result is that RGS proteins contain a previously uninvestigated group of unconserved residues that contribute to selective functional recognition of Gα~o~. Accordingly, mutations of these Modulatory residues in two high-activity RGS proteins severely impaired their ability to accelerate Gα~o~ GTPase, whereas redesigning low-activity RGS proteins by mutating critical Modulatory residues increased their GAP activity dramatically.

The typical quantitative impact of a single Modulatory residue on RGS GAP activity was found to be smaller than those of Significant & Conserved residues. However, multiple Modulatory residues affect GAP function in an additive manner. In some cases, a single Modulatory residue made a small incremental contribution. In other cases, several Modulatory residues had to be mutated simultaneously to affect GAP activity substantially. The former is best represented by the loss-of-function mutants of RGS4 and 16; the latter is exemplified by the all-or-none gain-of-function effect of the different RGS17 mutants.

Modulatory residues are located mostly at the periphery of the Gα--RGS-domain interface where they contribute to Gα subunit recognition. The center of this interface is occupied by Significant & Conserved residues that are thought to play the primary role in accelerating Gα GTPase by stabilizing Gα in a conformation optimal for GTP hydrolysis ^[@R31]^. This elegant arrangement likely enables RGS proteins to share a common mechanism of GAP function concomitantly with divergent levels of selectivity towards a given Gα subunit. Furthermore, as illustrated in [Figure 7](#F7){ref-type="fig"}, Significant & Conserved and Modulatory residues show different patterns of Gα interactions. In the eight structures we analyzed, the Significant & Conserved residues interact with all three Gα switch regions ([Fig. 7a,b](#F7){ref-type="fig"}), as expected from the pivotal role of the switch regions in GTP hydrolysis ^[@R30],[@R31]^. Modulatory residues interact with switch regions II and III, as well as with multiple residues in the Gα all-helical domain. The latter is particularly intriguing provided the growing interest in the role of the all-helical domain in facilitating Gα interactions with its regulatory partners ^[@R27],[@R33]^. It is also noteworthy that some Modulatory residues may be involved in interaction with proteins other than Gα, as exemplified by RGS9 interactions with PDEγ.

In contrast to the variability of Modulatory residues among RGS proteins, there is a high level of conservation among the Gα residues forming the reciprocal side of this interface (compare [Fig. 7d,e](#F7){ref-type="fig"} to [Fig. 2c,d](#F2){ref-type="fig"}). Almost all of these Gα residues are classified by our energy-based calculations as Significant & Conserved, likely reflecting the fact that Gα subunits analyzed in our calculations are all from the G~i~ subfamily -- Gα~i1~, Gα~i3~, Gα~o~ and Gα~t~. This conservation may explain why some RGS proteins, whose isolated catalytic domains exhibit similarly high GAP activity towards these Gα subunits, rely on additional noncatalytic domains or adapter proteins to discriminate among individual G~i~ family members ^[@R7],[@R13],[@R15],[@R20]^. Multiple sequence alignment ^[@R31]^ shows that other Gα subfamilies (e.g. G~s~, G~12/13~) are quite different from G~i~ at the positions interacting with RGS Modulatory residues in Gα~i~. This hints at how specificity of RGS domain recognition may be achieved across the entire Gα family, which can be investigated in future studies.

From a methodological perspective, our approach to redesigning protein-protein interactions bypasses the well-recognized computational bottleneck of commonly used protein design methods -- searching both sequence and 3D-structure space simultaneously to find promising design candidates ^[@R45],[@R51]^. Rather, we used comparative information across the RGS protein family (via our sequence-level map) as a shortcut to identify the RGS domain sites that were most attractive for redesign mutagenesis. Furthermore, our approach does not depend on improving protein-protein interactions by mutating individual residues one at a time and combining mutations showing notable individual experimental effects -- the approach used in some of the most successful previous studies (reviewed in ref. [@R45]). Using such a strategy for RGS17 would have failed because individual mutations in this protein did not measurably increase its GAP activity. Our successes in redesigning RGS domain interactions and in predicting the determinants of interactions between colicins and immunity proteins suggest that physics-based energy functions can complement the engineered energy functions commonly used in protein design, both in analyzing design templates and assessing design products.

In conclusion, our work provides a quantitative framework for understanding the determinants of selective RGS protein interactions with a G-protein and enables structure-based redesign of protein-protein interactions at the family level. It can be extended to design a variety of RGS protein and G-protein mutants with distinct activities and selectivities as tools to decipher G-protein signaling networks in living cells. Given the growing number of available structures of representative protein-protein complexes (e.g., ref. [@R52]), this methodology can be easily adapted to study interaction specificity across other large protein families.

Methods {#S10}
=======

Atomic structural models {#S11}
------------------------

The atomic models of the RGS-domains--Gα complexes used in the calculations were taken from the following PDB entries: 1AGR (Gα~i1~--RGS4); 2IK8 (Gα~i1~--RGS16); 3C7K (Gα~o~--RGS16); 2IHB (Gα~i3~--RGS10); 2GTP (Gα~i1~--RGS1); 2ODE (Gα~i3~--RGS8); 1FQJ (Gα~i1/t~--RGS9); 2V4Z (Gα~i3~--RGS2-C106S/N184D/E191K triple mutant) ^[@R24]--[@R28]^. Colicin--immunity-protein atomic models were taken from the following PDB entries: 7CEI, 2JAZ, 2JB0, 2JBG, 1ZNV (wild-type E7--Im7) ^[@R53]--[@R55]^. Although some of these E7 proteins contain point mutations, these mutations are far from the Im7 binding site and therefore these chains were considered wild type); 1UJZ, 2ERH (Computationally-redesigned E7--Im7) ^[@R43],[@R44]^; 3GJN, 3GKL (E7 bound to *in vitro* evolved Im9) ^[@R46]^. Missing short segments in 2IK8 (Gα~i1~ residues 112--118), 2IHB (RGS10 residues 103--113), and 2GTP (Gα~i1~ residues 112--118) were modeled based on the structure of Gα~i1~--RGS4 (PDB id 1AGR) using the program Nest ^[@R56]^ and partial or missing side chains were modeled using Scap ^[@R57]^. Similarly, a short missing E7 segment in the following structures was modeled based on PDB id 7CEI: 2JBG (residues 547--554), 2JAZ (residues 548--554), 2JB0 (residues 551--552), 1ZNV (residues 547--554), 3GJN (residues 549--554), 3GKL (residues 548--554). Hydrogen atoms were added using CHARMM, and the structures were subjected to conjugate gradient minimization with a harmonic restraint force of 50 kcal mol^−1^ Å^−2^ applied to the heavy atoms.

Calculating residue-level electrostatic and non-polar free energies contributions {#S12}
---------------------------------------------------------------------------------

Electrostatic potentials and free energies were calculated using the DelPhi program. DelPhi yields finite-difference solutions to the Poisson-Boltzmann equation (the FDPB method) for a system where the solvent is described in terms of a bulk dielectric constant and concentrations of mobile ions, while the solutes are described in atomic detail by the coordinates of individual atoms, atomic radii, and partial charges ^[@R58]^. The proteins were mapped onto a fine three-dimensional grid, where each small cube represents a small region of the protein or solvent. Charges and radii were taken from the CHARMM22 parameter set. Regions inside the molecular surfaces of the proteins were assigned a dielectric constant of 2, and those outside a dielectric constant of 80, combined with an ion exclusion layer of 2 Å around the solute. These particular parameters have been optimized for energetic calculations of protein-protein interactions and have been validated extensively for numerous systems (see refs. [@R34],[@R35] and references therein). The ionic strength was set to 100 mM to approximate the experimental conditions. The numerical calculation of the potential was iterated to convergence, defined as the point at which the potential changes less than 10^−5^ kT e^−1^ between successive iterations. A sequence of focusing runs of increasing resolution was employed to calculate the electrostatic potentials (e.g. 0.375, 0.75, 1.5, and 3.0 grid per angstrom). Electrostatic energies were obtained using the calculated potentials, and the net electrostatic energy of a protein-protein interaction was determined as the difference between: (1) the electrostatic free energy of the proteins in complex; and (2) the electrostatic free energies of each of the proteins infinitely far apart (i.e. calculated separately).

Following refs. [@R34],[@R35], we used the FDPB method, coupled with *in silico* mutagenesis, to calculate the net electrostatic and polar energetic contributions (ΔΔG~elec~) of a residue to the interaction with its protein partner resulting from the removal of partial and real charges of each residue. This would correspond to an *in silico* residue that is identical in shape and dielectric permittivity to the original residue, but is now partially or completely non-polar. For each residue this was repeated twice: once neutralizing backbone and side chain and once neutralizing the side chain only. Thereby, we differentiated between energetic contributions coming from the side chain vs. the main chain ([Supplementary Fig. 1](#SD1){ref-type="supplementary-material"}). We considered all residues within 15 Å of the RGS-domain--G-protein interface; this distance threshold (\~1.5 debye lengths) was a compromise between identifying electrostatic contributions from residues distal to the interface and avoiding excessively long computational times. We checked the consequences of this distance threshold by repeating the calculations for Gα~i1~--RGS4 without any distance threshold. Indeed, all residues further than 15 Å of the interface contributed \< 1 kcal mol^−1^ to the interaction.

The non-polar energetic contribution (ΔΔG~np~) of each residue was calculated as a surface-area proportional term, obtained by multiplying the per-residue surface area buried upon complex formation by a surface tension constant of 0.05 kcal mol^−1^ Å^−2^ ([Supplementary Fig. 1](#SD1){ref-type="supplementary-material"}) ^[@R34]^. Solvent-accessible surface areas were calculated using the surfv program ^[@R59]^.

Test calculations using small translations (0.1--0.2 Å), rotations (5°) of the proteins, or changes in the grid size, estimated the numerical error in ΔΔG~elec~ calculations as \<0.5 kcal mol^−1^. Following the more stringent criteria of ref. [@R34], we defined residues that made substantial electrostatic contributions to the interactions with their cognate partners as those contributingΔΔG~elec~ ≥1 kcal mol^−1^ to binding. Similarly, residues contributingΔΔG~np~≥1 kcal mol ^−1^ (≥20 Å^2^ buried upon complex formation) were selected as substantial non-polar energetic contributors. To reduce false positives and negatives, we employed a consensus approach: residues conserved across all structures that have comparable GAP activities (for RGS domains) or affinities (for colicins--immunity proteins) and calculated to have substantial interactions in the majority of structures, were considered to contribute substantially to the interaction in all these structures. Residues conserved across all such structures that were calculated to have substantial interactions in less than two structures were considered false positives. This consensus approach improved the accuracy of our predictions as we encountered several false positives and negatives due to a different side chain rotamer found in only one structure, despite that residue being strictly conserved and in a comparable 3D neighborhood (see [Fig. 2](#F2){ref-type="fig"} and [Supplementary Fig. 1](#SD1){ref-type="supplementary-material"}). RGS domain residues thus determined to contribute substantially were mapped onto a sequence map (e.g. [Fig. 2a](#F2){ref-type="fig"}).
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**Full methods.** Methods for protein expression, purification, GTPase assays and Surface Plasmon Resonance assays can be found in the [Supplementary Information](#SD1){ref-type="supplementary-material"}.

![The GAP activities of 10 representative RGS domains do not correlate with their sub-family classification. (**a**) The k~gap~ constant for each domain was calculated as described in [Supplementary Methods](#SD1){ref-type="supplementary-material"} from single exponential fits to the time course of GTP hydrolyzed by Gα~o~ (400 nM) with or without added RGS protein (20 nM). The data are shown as mean±s.e.m; n≥4. High-activity, low-activity, and no-activity RGS proteins are colored green, magenta, and red, respectively. (**b**) Phylogenetic tree of 20 human RGS domains. RGS proteins whose activity was tested in this study are colored as in **a**.](nihms287320f1){#F1}

![Positions of Significant & Conserved and Modulatory residues in multiple RGS proteins. (**a**) Residue-level sequence "map" summarizing the structure analysis and energy calculations of eight RGS--Gα crystal structures. The PDB IDs of these structures are: 1AGR (RGS4); 2IK8 (RGS16h, human RGS16); 3C7K (RGS16m, mouse RGS16); 2IHB (RGS10); 2GTP (RGS1); 2ODE (RGS8); 1FQJ (RGS9); 2V4Z (RGS2\*, gain-of-function RGS2 triple mutant, see Methods). The sequences in the multiple sequence alignment are taken from the crystal structures. RGS protein residues that contribute substantially to the interaction with the Gα subunit are color-coded in the panel according to the type of their energetic contribution (see legend). Putative Significant & Conserved and Modulatory positions are marked above the alignment by red asterisks and purple triangles, respectively. (**b**) 3D visualization of the different types of energetic contributions by individual RGS protein residues, depicted as spheres and colored as in **a**. The eight superimposed RGS domain structures are viewed through the semi-transparent surface of Gα. (**c**) Significant & Conserved and Modulatory residues in the eight superimposed RGS domain structures, shown as spheres and colored red and purple, respectively. The orientation is the same as in **b**. (**d**) Same as **c**, rotated 90° about the Y axis.](nihms287320f2){#F2}

![Mutations in Modulatory positions impair the GAP activities of RGS4 and RGS16 in an additive manner. (**a**) Sequences of RGS4 mutations in Modulatory positions (RGS4a--d) and a Significant & Conserved position (RGS4e). (**b**) Sequences of RGS16 mutations in Modulatory positions (RGS16a--d) and a Significant & Conserved position (RGS16e). The annotated sequences of wild-type RGS4 and RGS16 in **a** and **b** are from [Figure 2a](#F2){ref-type="fig"}. (**c**) GAP activities of RGS4 mutants determined by single turnover GTPase assays. 400 nM GTP-loaded Gα~o~ was incubated with or without RGS4 (40 nM) for 1 min. GAP activities are expressed as a percentage of wild-type RGS4 activity. Experiments were conducted in triplicate with error bars representing s.e.m. (**d**) GAP activities of the RGS16 mutants, determined as in **c**.](nihms287320f3){#F3}

![Redesign of RGS17 gain-of-function mutants. (**a**) Sequences of RGS16 (annotated as in [Fig. 2a](#F2){ref-type="fig"}), RGS17 and its mutants. RGS17 residues in Significant & Conserved or Modulatory positions that are different from RSG16 are marked as follows: those predicted to interfere with high GAP activity are orange and those appearing in other high activity RGS proteins are bold black. Residues in RGS17 mutants that were replaced by RGS16 residues are blue. (**b**) Positions of the four RGS17 sites that were mutated in the redesign experiments. The RGS16 residues that were used as the template for the redesign are visualized on the superimposed structures of Gα~i1~--RGS16 (PDB ID 2IK8) and Gα~o~--RGS16 (PDB ID 3CK7), viewed through the semi-transparent surface of the Gα subunit. Corresponding RGS17 residue numbers are in parentheses. (**c**) GAP activities of the redesigned RGS17 mutants compared to activities of wild-type proteins. k~gap~ values were determined as in [Figure 1](#F1){ref-type="fig"} and shown as mean±s.e.m.(n≥4).](nihms287320f4){#F4}

![Redesign of RGS18 gain-of-function mutants. (**a**) Sequences of RGS16, RGS18 and its mutants, color-coded as in [Figure 4a](#F4){ref-type="fig"}. (**b**) Positions of the three RGS18 sites that were mutated in the redesign experiments, visualized as in [Figure 4b](#F4){ref-type="fig"}. Corresponding RGS18 residue numbers are in parentheses. (**c**) GAP activities of the redesigned RGS18 mutants compared to activities of wild-type proteins. k~gap~ values were determined as in [Figure 4c](#F4){ref-type="fig"}.](nihms287320f5){#F5}

![Residues contributing substantially to colicin E7--immunity proteins interactions. Energy calculations were performed on the following structures (PDB IDs): Wild-type E7--Im7 complexes (wt1--5: 7CEI, 2JAZ, 2JB0, 2JBG, 1ZNV); Computationally-redesigned E7--Im7 (cr1--2: 1UJZ, 2ERH); E7 bound to Im9 proteins evolved *in vitro* to bind E7 with high affinity (ie1--2: 3GJN, 3GKL). (**a**) Residue-level sequence map of the wild-type and engineered immunity proteins. The sequences in the multiple sequence alignment are taken from the crystal structures. Residues that contribute substantially to the interaction are color-coded according to type of energy contribution (see legend). Consensus analysis was applied to the five wild-type proteins and Significant & Conserved and Modulatory positions were determined for all nine structures as in [Figure 2](#F2){ref-type="fig"}. (**b**) The nine E7--Im structures, superimposed via the Im proteins. (**c**) Visualization of the energy contribution types for wild-type E7--Im7 residues, depicted as spheres and colored as in **a**. The E7 and Im7 structures are shown in an "open book" view (rotated 90° relative to **b** about the X axis in opposite directions). (**d**) Energy contributions of residues in the computationally-redesigned E7--Im7, shown as in **c**. (**e**) Energy contributions of residues in E7 and the *in vitro* evolved Im9 proteins, shown as in **c**.](nihms287320f6){#F6}

![Positions of Significant & Conserved and Modulatory residues in the Gα subunits interacting with RGS domains. (**a**) Significant & Conserved RGS residues (red) interact with all three Gα switch regions. (**b**) Modulatory RGS residues (purple) interact with switch II and III and the helical domain of the Gα subunits. In both **a** and **b**, Significant & Conserved positions within the Gα subunits are marked in orange and Modulatory positions in blue. (**c**) The different types of energetic contributions by individual Gα residues, depicted as spheres and colored as in [Figure 2](#F2){ref-type="fig"}. The eight superimposed Gα subunits are viewed through the semi-transparent surface of the RGS domain and are rotated 90° about the Y axis and 30° about the X axis relative to **a**. (**d**) Significant & Conserved and Modulatory residues in the Gα structures, shown as spheres and colored red and purple, respectively. (**e**) Same as **d**, rotated 90° about the Y axis.](nihms287320f7){#F7}

###### 

Quantification of Gα~o~ binding affinity of RGS18 mutants[a](#TFN1){ref-type="table-fn"}

           K~D~ (nM)[b](#TFN2){ref-type="table-fn"}
  -------- ------------------------------------------
  RGS18    \>3000[c](#TFN3){ref-type="table-fn"}
  RGS18a   \>3000[c](#TFN3){ref-type="table-fn"}
  RGS18b   240±70
  RGS18c   215±45
  RGS18d   230±80
  RGS18e   69±6

Gα~o~ is bound to the transition state analog GDP--aluminum fluoride.

K~D~ values were calculated as weighed averages ± s.e.m. from 2--3 independent experiments (see Methods for details)

These K~D~ values are underestimations because dose response saturation was not reached.
